Numerous laboratory and field experiments have found that rain gardens exhibit excellent heavy metal retention (>88%). However, none examined the impact of macropore flow on this retention; this was established to be a key factor in heavy metal capture by previous landfill leachate experiments. Therefore, the aim of the experiments detailed in this paper was to investigate the effect of a single artificial macropore on heavy metal retention in a layered soil column (with a similar configuration to a rain garden). The findings of these experiments suggest that macropore flow does not impact the hydraulic performance or heavy metal retention of the columns with 99% of copper, lead and zinc captured. This indicates that macropores are not detrimental to heavy metal retention in rain garden systems with highly conductive soils; this was attributed to the high hydraulic conductivity of the media used and the depth of the system. However, in shallower systems, such as green roofs, the retention of heavy metals and other pollutants may be impacted by the existence of preferential flow, and more research into this area is needed.
INTRODUCTION
Storm water runoff from impervious surfaces such as roads, highways, roofs and car parks contains a number of pollutants harmful to the environment (Klein ; Davis et al. ) . The detrimental effects of these pollutants are visible in lakes and waterways throughout the United Kingdom with 11% of the total pollution in Scottish rivers attributed to it (Ellis & Mitchell ) . In the United States, urban runoff is second only to agriculture as a source of river pollution (Ellis & Mitchell ) . This pollution is caused by the transfer of contaminants present in urban storm water such as nutrients, hydrocarbons and heavy metals through storm drains and pipes into local waterways.
In order to prevent this pollution, alternatives to conventional drainage systems have been proposed in the form of sustainable drainage systems (SuDS) . SuDS attempt to replicate natural systems and drain away urban runoff through collection, storage and filtration before releasing the water slowly back into the environment (Klein ) .
There are numerous types of SuDS, such as green roofs, detention basins and swales. However, this paper focuses on an infiltration-based method known as a rain garden.
Rain gardens are vegetated depressions that have been specifically designed to collect and infiltrate the storm water. They are usually shallow depressions (less than 200 mm in depth) and much smaller than the impervious surface from which they receive runoff. Rain gardens consist of vegetation, a high permeability upper layer and lower storage zone; an underdrain may also be present to prevent overflow in cases of heavy precipitation (Dussaillant ) . Water is directed into these systems as opposed to conventional storm drains, travels through them and, depending on the subsoil, may replenish groundwater or slowly percolate into the drainage network. Therefore, it is of crucial importance to minimize contaminants released by these systems in order to maintain groundwater and waterway purity. heavy metal effluent concentration for two undisturbed and two homogenized soil columns of length 350 mm were determined. They found that the undisturbed columns exhibited preferential flow and only retained between 70 and 75% of the influent Zn, Cu and Pb. In contrast, the homogenized columns retained all heavy metal input. The soil used in these columns was clay and consequently had a lower conductivity than rain garden soils, so it is unclear whether retention rates would differ in SuDS.
Macropores may also be a factor in explaining the findings of both Johnson & Hunt () and Kluge et al. () , who studied heavy metal retention in operating rain garden devices. Both studies found substantial deposits of Cd, Cu, Pb and Zn at depths greater than 200 mm. These deposits may be caused by preferential pathways in the soil bypassing the upper retentive soil layer.
Therefore, the aim of this paper is to investigate the effect of a single 10 mm diameter macropore on heavy metal retention in layered soil (with similar soil layout to a rain garden) under conditions specific to a temperate climate. This will establish whether macropores are of concern with regards to heavy metal removal in rain garden systems.
Soil column experiments in both the saturated and unsaturated regimes are widely used for applied and theoretical studies. In terms of heavy metal sorption studies, column experiments have inherent advantages over other approaches such as batch studies as they work at a high solid to solution ratio close to the one encountered in a natural rain garden device (Burgisser et al. ; Highways Research Agency ). Due to these reasons, column experiments were chosen as a suitable method for examining heavy metal retention in rain garden soil.
METHODS

Experimental design
Five biofilters were constructed from acrylic plastic columns (140 mm internal diameter, 1,200 mm in height). Transparent columns were used in order to observe the hydraulic efficiency of water filtration through the media. The inner walls of the columns were roughened using coarse sand paper to optimize soil-column wall adhesion, as recommended by Smajstrla (). Silicone rings were also installed at 300 mm intervals on the interior surface of the columns prior to the addition of soil to minimize sidewall flow (Cowin ).
The filter media consisted of two layers:
• top filter layer (600 mm): 50% compost/50% coarse sand mix by volume;
• drainage layer (300 mm): coarse sand.
An additional 300 mm was left clear at the top of the column to allow for ponding. This soil configuration was chosen as it reflects a typical rain garden design and the top layer mix of soil has proven to be an optimal choice for heavy metal retention and water infiltration (Morgan ).
Two of the columns contained artificially created macropores which extended through both upper and lower layers of soil. These were of 10 mm in diameter in accordance with previous solute transport experiments (Allaire-Leung et al.
)
. These macropores were created by inserting a metal rod through the length of the column from top to bottom, following the procedure of Kay et al. () . In order to prevent collapse, this insertion process was completed before each experimental run. It was observed that the rod was easily inserted into the substrate each time indicating that collapse did not occur.
Two sets of columns were created, three with normally packed homogeneous soil (matrix columns) and two with preferential pathways (macropore columns).
Experimental procedure
In these experiments an excessive rainfall scenario was replicated; this is a relatively high water input rate for a relatively long period of time (5 hours). This input water rate was determined using data from a weather station located at Heathrow. The above average rainfall amount was decided at 10.9 mm/h (about 90% of total annual rainfall in the London area). This value is based upon total annual rainfall vs. intensity figures (Quinn ) This was determined to be an adequate reflection of a high average rainfall in temperate climates such as the UK. The average input into a rain garden is much higher than 10.9 mm/h however as it receives runoff from impervious surfaces surrounding it. The area ratio of rain garden to impervious surface was chosen as 10% as this was found to yield the most beneficial results in a climate such as that of the UK (Dussaillant et al. ) . This resulted in a total maximum water input of 120 mm/h. A summary of experimental design is given in Table 1 .
A preliminary run was completed in order to obtain a sizeable number of blank samples and a meaningful representation of background heavy metal concentration for each set of experiments. This run was identical in duration and sampling times to the experimental runs but the input was pure distilled water without additional heavy metals.
RESULTS
Hydrological results
In order to determine whether preferential flow occurred, the results of soil moisture content, tracer analysis and breakthrough times were examined. Water breakthrough refers to the point at which water begins to flow from the column. If a preferential channel exists in the soil, the water should typically travel quickly through it and thus have a shorter breakthrough time than a matrix column.
The basic hydrological parameters of the columns are shown in Table 2 . The saturated soil moisture content was determined using the TDR probes and the hydraulic conductivity with a hydraulic permeability test. The saturated hydraulic conductivity for the upper compost/sand layer was 770 mm/h. This is significantly higher than the value of 100 mm/h recommended for a rain garden in order to protect groundwater (Prince George's County Maryland, Department of Environmental Resources ). It was decided that this soil be examined despite this finding in order to assess whether its capacity for heavy metal retention is limited by its high permeability. There are numerous advantages to using a highly conductive soil such as reduced ponding and increased plant survival.
Soil moisture content Water breakthrough times 
Tracer results
It was found that in all runs at breakthrough the tracer inflow concentration was equal to the tracer outflow concentration.
This indicates that piston flow has occurred and that tracer and water move at the same velocity and the front arrives as It is evident from Figure 5 that in all cases the heavy metals were retained almost completely with the rates of >99%.
In order to demonstrate the repeatability of the experiments, Figure 6 These findings also support the possibility of complete water transfer from the macropore to matrix region. Water transfer has been found to occur between the regions in grassland soil but has never been examined in the context of a rain garden (Weiler & Naef ) . It has been proposed that due to the high hydraulic conductivity of the soil used in some SuDS, all of the water contained in the macropores transfers directly to matrix region instantaneously due to the conductivity of the media (Morgan ; Quinn ).
These experiments support this conclusion.
With regards to heavy metal retention, it was found that there was a statistically significant difference between macropore and matrix columns for Cu and Zn concentration outflow. Cu and Zn are the most mobile of heavy metals so if a small concentration was present in the macropores it would not be retained to the same extent as in the matrix region as macropores have a lower heavy metal retentive capacity (Knechtenhofer et al. ) . This result has been found by previous field studies, that macropores can adsorb heavy metals but that their adsorption sites decrease over time as they reach retention capacity (Knechtenhofer et al. ). This is supported by the retention of Pb in these column studies which was unaffected by macropore flow due to its immobility in soil.
However, there is a possibility that due to the low concentrations involved, these statistical findings are simply anomalies. This is supported by the findings of the other sets where there was no difference between macropore and matrix columns. There were several limitations to this study. The water loading rate of 120 mm/h was significantly inferior to the saturated soil conductivity (770 mm/h). Thus, the soil matrix remained unsaturated and no ponding occurred, which is not the usual mode of operation of a rain garden.
The chosen soil conductivity is also far superior to recommended values which limits its capacity to filter suspended solids. Therefore, it is recommended that future experiments examine soils with lower hydraulic conductivity under ponded conditions. In addition, further parameters such as humidity should be measured and smaller mesh of filter paper used to prevent particulate matter in the analysed samples.
Macropore flow has never been examined in the context of green roofs but it is of vital importance to consider due to the shallow nature of these systems and could possibly partially explain the large variance in retention between green roofs. It has also been observed by Getter et al. () that over a period of five years, the pore space in an intensive roof increased from 41.41% to 81.84%, which increased water holding capacity but could have an impact on metal retention if part of this was macropore space; since this was not examined, more work needs to be completed.
In addition to depth, other factors play a key role in pollutant retention such as adsorption isotherm constants of the soil media, average residence time, event mean pollutant concentration statistics, the long-term mean annual heavymetal loads per unit area of the system and the age of the system reflected as diminished treatment capacity. These need to be examined further and the influence of macropore flow on these parameters quantified.
CONCLUSIONS
In conclusion, under temperate climatic conditions macropores are not a dominant factor in either the movement of water or pollutant through a rain garden with highly conductive soil. There were some statistical differences between macropore and matrix columns' outflow concentrations of Cu and Zn in two individual sets. However, as this behaviour does not occur in other sets it is attributed to anomalous values caused by low outflow concentrations.
The above results were then compared to other macropore retention experiments and it was observed that macropore flow may not impact rain gardens due to their depth. However, in shallower systems, such as green roofs, heavy metal and other pollutant retention may be impacted by the existence of preferential flow and more research into this area is needed.
